A CMOS-based circuit for realization of high-performance current differencing transconductance amplifier (CDTA) is demonstrated. The proposed circuit offers the advantages of a wide frequency bandwidth and very small input terminal impedance. The results of circuit simulations and an application example are given to illustrate the advantages of the proposed circuit for precise high-frequency signal rectification.
Introduction
Current differencing transconductance amplifier (CDTA) is a novel active circuit element [1] . The CDTA is free from parasitic input capacitances and it can operate in a wide frequency range due to its current-mode operation. Some voltage and current-mode applications using this element have already been reported in the literature, particularly from the area of frequency filtering: general higherorder filters [2, 3] , biquad circuits [4] [5] [6] [7] [8] [9] [10] [11] , all-pass sections [12] [13] [14] 17] , gyrators [15] , simulation of grounded and floating inductances and LCR ladder structures [16] . Other studies [13, 17] propose CDTA-based high-frequency oscillators. In [18] , a specially modified CDTA element is used as current-mode multiplier/divider. Nonlinear CDTA applications are also expected, in particular precise rectifiers, current-mode Schmitt triggers for measuring purposes and signal generation, current-mode multipliers, etc.
Although the CDTA can be constructed from commercially available integrated circuits [3, 15] , the precise, fast, and temperature-independent applications require utilizing a CDTA chip, implemented in the CMOS or bipolar technology. More recent works propose transistor-level CDTA structures in CMOS [4] [5] [6] 11, 13, 14] and also in bipolar [7, 8, 18] technologies. The first published CMOS realization of the CDTA [4, 5] as well as another topology presented in [6, 13] utilized 0.5 m CMOS MIETEC process with ±2.5 V supply voltages. The work in [11] presents the so-called MOCDTA (Multiple Output CDTA) as an extension of the original circuit structure from [4, 5] by additional current outputs. The circuit from [13] is faster than those in [4, 5] , enabling easy gm control, but with much higher parasitic input resistances of p and n terminals. The CMOS structure reported in [14] can operate in supply rails down to ±0.75 V, utilizing the 0.35 m AMIS technology. The circuit performance is excellent up to tens of MHz, in particular the p and n input resistances are only 25 thanks to the flipped voltage followers. However, this topology has not been optimized for high-frequency applications. Bipolar realizations of CDTA described in [7, 8] were simulated with the transistor model of PR100N (PNP) and NP100N (NPN) of bipolar arrays ALA400 from AT&T. The DC supply voltage is 5 V. In comparison with the abovementioned CMOS realizations, the CDTA exhibits very low parasitic R p and R n resistances (below 5 ) and higher values of transconductance (2 mA/V). However, the current offset is too high for some precise applications (8 A) and the maximum bandwidth is limited to tens of MHz.
This paper proposes a novel CMOS structure, combining the features of low parasitic impedance and high-speed operation. Among other things, together with the fast Schottky diodes and a proper biasing circuit, these features enable fast and precise rectification of low-level current signals.
High-performance CDTA
The circuit symbol of the CDTA is shown in Fig. 1 , and its terminal relationships can be described as (1) where p and n are current gains, and p =1−ε p , n =1−ε n . Here, ε p , ε n are the current tracking errors, and their absolute values are much less than the unit value.
The CDTA is comprised of a current differencer and a dual output operational transconductance amplifier (DO-OTA). Ideally, current through the z terminal follows the difference of currents through the p terminal and the n terminal. Input terminals p and n are internally grounded. The difference of the input currents provides a voltage, V z , at the z terminal with a value of V z = I z Z z , where Z z is an external grounded impedance connected to the z terminal. This voltage is then converted to output currents, I x+ and I x− , via the transconductance g m of the DO-OTA.
The CMOS transistor-level schematic of the proposed CDTA is shown in Fig. 2 [19] . The current differencer consists of transistors M01-M17. The voltage buffers provide low-input impedances and also keep the input terminals at virtual ground. The current mirrors convey the difference of input signals to the z terminal. Transistors M21-M28 form a DO-OTA, which is composed of two inverting amplifiers. 
Precision full-wave rectifier
The CDTA-based current-mode full-wave rectifier is shown in Fig. 3 . This circuit employs the well-known principle of precise current conveyor rectification, first reported in [20] . One CDTA circuit is now employed instead of two positive CCIIs, originally used in [20] . The current gain is set by the external resistance R to the required value, typically 1, by choosing R = 1/g m . The unity gain can also be accomplished by removing resistance R and injecting an auxiliary current, I aux = I x+ , into the n terminal.
Some DC imperfections, caused mainly by possible current tracking errors as well as the offsets of currents I x+ and I x− , can be compensated by applying a proper DC value of current I aux . The remaining part of the rectifier, i.e. diodes, R load , and bias circuitry, is examined in detail in the literature and summarized in [21] .
To eliminate the delay introduced by diodes when switching between the ON and OFF states, several types of DC biasing such as voltage-source biasing, current-source biasing, or constant-current current-mirror-based biasing technique [21] , which provides temperature-independent DC output offset voltage, have been recently proposed, enabling high-frequency rectification but decreasing the precision by introducing DC offset into the output signal. A bias cancellation technique, eliminating the offset effect, represents a more complicated circuit solution [22] . In the following section, the biasing circuit from [21] is used for a PSPICE simulation of the proposed rectifier.
Simulation results
Simulations of the proposed CMOS CDTA and precision rectifier are made using PSPICE with TSMC 0.35 m n-well CMOS process. Power supplies are selected as V dd =−V ss = 1.8 V. Transistor aspect ratios are given in Table 1 . The size of the M12 is not equal to that of the M11 to cancel the gain error. M21 has not the same size with M23; and M26 has not the same size with M25, M27, and M28 to cancel offset and level-shift errors. Bias current I B is chosen as 40 A.
Performance data of the high-performance CDTA are given in Table 2 . The proposed CDTA works near the GHz range. Fig. 4 currents I x+ and I x− versus input current I p when 5, 10 and 20 k resistors are connected to the z terminal. The input impedance for p and n terminals is 1.92 for low frequencies while it has a peak value of 1.48 k at 977 MHz. The output impedance of z terminal is 388 k for low frequencies and starts to decrease after about 1 MHz. The output impedances of terminals x+ and x− are 16.30 and 16.21 M , respectively, for low frequencies and they start to decrease after about 100 kHz. The maximum input current levels of CDTA are ±210 A. Power dissipation for I p = I n = 0A is 6.31 mW.
The SPICE simulation of the precision full-wave rectifier has been performed with fast Schottky diodes 1PS79SB63 and with the bias circuit proposed in [21] . Fig. 6 shows satisfactory operation when rectifying the 50 A/5 MHz sine waveform. The dominant source of imperfections in the output waveform consists in the dynamic properties of diodes, not in the CDTA, which exhibits an excellent performance at a frequency of 5 MHz.
Conclusions
In this study, a novel precision rectifier circuit using a high-performance CMOS-based CDTA structure is presented. The high-performance CMOS-based CDTA structure takes advantage of the large bandwidth and close-to-ideal terminal impedances. The proposed circuit is suitable for monolithic integrated circuit implementation. CDTA-based precision full-wave rectifier described in this study is highly successful in high frequency operation due to the nature of the current-mode operation. In contrast to the wellknown CCII-type rectifiers, it contains only one active element.
